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BONE GROWTH AND REMODELING AS A MEASURE OF NUTRITIONAL STRESS 
Rebecca Huss-Ashmore 
Department of Anthropology 
University of Massachusetts 
For the past ten years~ the avowed aim of both archeologists 
and biological anthropologists has been the processual analysis of 
the qynamic interaction between human populations and the environ-
ment. Despite this unifying theme, no holistic discipline of bio-
archeology has emerged. Human biologists have concentrated on 
physiological adaptations. and in the majority of the cases, have 
treated the environment as essentially static. Archeologists, on 
the other hand, have concentrated on reconstructuring the envir-
onment. Increasingly sophisticated methods have been developed for 
the investigation of paleoclimates. landscape, and resources, 
through floral and faunal analysis, and the chemistry and physics 
of soils. Unfortunately, in many of these studies human adaptation 
has been equated with material culture. The recent surge of in-
terest in prehistoric dietary reconstruction, with its emphasis on 
behavioral aspects of food procurement, offers hope for the rein-
troduction of human populations into the systemic analysis of their 
adaptation. I would like to offer here some methodological sug-
gestions for the inclusion of human skeletal material in the inves-
tigation of past dietary conditions. Biological anthropology is 
commonly believed to proceed only in the presence of skeletal 
material. I would argue, rather, that in the case of prehistoric 
dietary reconstruction, and in studies of paleonutrition, analysis 
has proceeded almost without regard to human remains. Skeletal 
material has been underutilized for such analyses precisely because 
it has failed to answer the questions put to it. This should not, 
however, be seen as a failure inherent in bone, but rather as a 
failure to ask the right questions. The search for single diag-
nostic pathologies for single nutrient deficiencies has led only 
to the conclusion that stress markers in bone are non-specific, 
and that single-nutrient deficiencies are relatively rare. 
However, bone is an open, living 
environmental influence systemically. 
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system and responds to 
Studies of skeletal growth 
and remodeling have shown that nutritional stress produces char-
acteristic patterns of disturbance in bone. These are most 
likely to be recorded during periods of active skeletal growth, 
when both skeletal plasticity and nutrient requirements are 
greatest. An analysis of such patterns in the actively growing juvenile portion of a skeletal population should therefore in-
dicate the degree and (to some extent) the kind of nutritional 
deficiency encountered. The use of a diagnostic pattern of stress 
markers is illustrated by the following study of protein-energy 
malnutrition in a prehistoric population from Sudanese Nubia. 
There is a growing body of literature which documents the 
response pattern of the immature skeleton to protein-energy 
deficiency. Experimental studies in other species indicate that 
growth is retarded, and that metabolic processes of calcified 
tissue are disturbed. For example, Dickerson and McCance (1961) 
reported that the humerus and femur of undernourished pigs were 
shorter than those of normal controls, and that the cortex of 
these bones was thin and brittle, with a smooth endosteal surface 
and an enlarged medullary cavity. Compared to normal animals, 
total bone protein, but not total calcium, was reduced. Adams 
(1969) fUrther demonstrated that the most salient skeletal re-
sponse of both protein- and energy-deficient piglets was a sig-
nificant reduction in the length, width, and cortical thickness 
of the femur as compared to normal animals. Perhaps the most 
interesting result of animal undernutrition studies has been the 
discovery that growth in the skeletal system continues to occur, 
albeit at a reduced rate, even at the expense of other tissue. 
This preferential growth is an indication of the importance of 
skeletal maintenance to the developing organism. However, even 
within the skeletal system, there appear to be priorities. When 
nutrients for tissue synthesis are limited, growth in long-bone 
length and width are preferentially maintained, at the expense of 
9rowth in cortical thickness. I have previously suggested 
(Huss-Ashmore. 1978) that this is a specific example of the gen-
eralized adaptive mechanism whereby the body, in the face of nu-
tritional insufficiency, maintains homeostasis by more efficiently 
recycling those nutrients available. Studies of nitrogen balance 
and collagen metabolism in undernutrition support this view. Total 
excretion of nitrogen and hydroxyproline has been shown to drop 
dramatically in malnourished children, while tissue levels remain 
relatively less disturbed (Alleyne et a1 .• 1972; Whitehead and 
Coward, 1969). Thus, in the face of lowered nutrient intake, 
protein and collagen synthesis are maintained. The mechanism 
is a reduction in metabolite excretion, through a more complete 
utilization of endogenous supplies. 
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Garn's (1966) studies of Guatemalan children also support 
this view. While ossification status of malnourished children 
was retarded by U.S. standards~ it did not differ significantly 
from that of Guatemalan Indian reference populations. In con-
trast, compact bone thickness and bone mineral of malnourished 
children were systematically reduced. Radiographs of the second 
metacarpal showed total bone widths to be essentially nonnal, 
while cortical thickness was greatly diminished. Garn et a1. 
(1964) have tenned this relative lack of bone IIjuveni le osteopor-
osis." This porotic condition was seen even during recovery fran 
malnutrition, and was especially dramatic in individuals who 
experienced a rapid growth in long-bone length . 
It is apparent from these studies that patterns of human 
and animal long bone growth are similarly affected by malnutri-
tion. Juvenile osteoporosis can thus be seen as the result of an 
adaptive process in which existing preformed bone can be recy-
cled to maintain growth in structural members. I have therefore 
hypothesized that a pattern of reduced, but continued, growth in 
length and width of bones, unaccompanied by an increase in cor-
tical thickness, can be used as an indicator of nutritional 
stress. None of these indicators by itself can be taken as diag-
nostic. If, however, the entire pattern can be shown to char-
acterize a significant portion of the actively growing juveniles 
in the population, it argues strongly for nutritional deficiency. 
To examine this relationship, long bone growth and cortical main-
tenance were investigated for a sample of 75 individuals from 
birth to 14 years of age, drawn from a skeletal population from 
the Wadi Halfa area of Sudanese Nubia . Macroscopic findings were 
corroborated by a microscopic analysis of histological evidence 
for distrubances of growth and remodeling. 
Methods 
The population sampled spans a period of almost a thousand 
years, from A.D. 350 to 1300 (Arme1agos, 1969). Archeological 
evidence indicates that subsistence was agriculturally based 
throughout the period, and indeed the high rates of infant mor-
tality reported are typical of a traditional agricultural society. 
Arme1agos (1969) has treated the patterns of pathology in detail 
and has reported several types of skeletal lesions, such as 
dental caries, metaphyseal pitting, and porotic hyperostosis, which 
may be taken as evidence of nutritional stress. 
In this analysis, processes of growth were determined from 
an intensive study of the femur. Dental ages and total femoral 
length were obtained from each individual from an examination of 
burial records. Femoral diameter and cortical thickness were 
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measured on contact radiographs of a cross-section of the femoral 
midshaft. Cross-sectional area of the total femur and the cortex 
was computed using the techniques of Sedl;n, Frost, and Ville-
nueva (1963) in which a grid of known area is superimposed on the 
bone section, and the numberof line intersects occurring over bone 
counted. Area can then be computed by multiplying the number of 
intersects over bone by the total grid area, and dividing by the 
total possible line intersects in the grid. The percentage of the 
total cross-sectional area occupied by cortical bone was deter-
mined by dividing cortical area by the area of the total cross-
section. The resulting percentage of cortical area was used as a 
measure of osteoporosis, or relative deficiency of bone. 
Means and standard deviations were computed for each variable 
in each age category, and the results compared. To facilitate 
comparison, individuals whose cortical area percentage fell within 
one standard deviation of the mean were defined as normal, and 
those outside this range, as osteoporotic. All radiographs were 
examined microscopically at lOOx maginification, to determine 
patterns of cortical apposition and remodeling. The ratio of for-
mation foci to resorption foci was computed for a sample of 5 
normal and 5 porotic specimens, utilizing the general methodology 
of Landeros and Frost (1966). 
Results 
Considering first longitudinal bone growth (Figure 1), we 
can see that when mean femoral lengths are plotted against dental 
age, the result apprOXimates a somatic growth curve, the normal 
pattern of growth in skeletal and muscular systems for modern 
populations. Increase in length is rapid from the first through 
the second years, and slows down dramatically thereafter. Growth 
is maintained at a slow but fairly constant rate up to about age 
nine, after which there is a second marked increase in length. 
This departs very little from the normal pattern of growth ob-
served for living populations. While the pattern of growth is 
generally normal, the amount of growth is generally reduced, par-
ticularly between the developmental ages of 2 and 6. This can 
be shown to better effect by inspection of growth velocity 
(Figure 2). Compared to a sample of modern American males, Nubian 
growth was noticeably retarded at several ages, the most dramatic 
decrease being that after about age 2. 
An inspection of growth in femoral width indicates that here, 
too; the pattern is not greatly abnormal (Figure 3). Growth in 
total width is rapid for the first two years, and decreases 
thereafter. The important consideration here is that growth is 
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generally maintained throughout childhood. However. a comparison 
of total bone diameter with cortical thickness shows a striking 
discrepancy. Not only does cortex fail to grow, it actually de-
clines after the approximate age of ten. This corresponds in 
timing to the rapid increase in length seen in the first figure. 
We know~ however, that cortical thickness is not the only 
feature to be considered in determining osteoporosis. The space 
within the periosteal envelope actually occupied by bone is a 
much more powerful indicator. In normal individuals~ this should 
increase up to about the age of 30~ and decline thereafter. while 
total cross-sectional area should increase slowly throughout life 
(Garn, 1970). 
In juvenile Nubians, total cross-sectional area demonstrates 
a generally increasing trend (Figure 4). As was seen for the 
other variables, increase in area is fairly rapid for the first 
two years, levelling off somewhat afterward. By contrast, percent-
age of cortical area (the percentage of the total cross section 
occupied by cortical bone) drops sharply after age 2, and despite 
periods of apparent recovery, remains low throughout childhood. 
It is interesting to compare these results with those reported 
by Garn (1970) for the second metacarpal of normal children. 
While absolute values are necessarily different, the slopes of the 
lines for the first two years are virtually identical. and it is 
only after that point that the Nubian sample departs radically 
from the expected trend. 
As a whole~ these data suggest that overall bone growth in 
this population is being maintained at the expense of an increase 
in cortical thickness. Microscopic examination of the femoral 
radiographs revealed the existence of several features relevant 
to this hypothesis. On a descriptive level, those individuals 
whose percentage of cortical area was previously defined as normal 
for this population differed from those defined as porotic. For 
individuals previously defined as u normal,1I the hi stological pic-
ture did not differ markedly from that expected for modern children. 
The outer 1/4 to 1/3 of the cortex was composed of well-vascular-
ized lamellar bone. while the inner portion consisted of a remodeled 
zone, characterized by complete and actively forming osteons, with 
resorption spaces dispersed throughout. In very young individuals, 
the presence of Howship's lacunae all along the endosteal surface 
was evidence of the rapid enlargement of the marrow cavity, while 
in some older individuals a layer of endosteal lamellar bone was 
present. The visually striking feature of normals at all ages was 
the low density of forming and even many complete osteons, as Well 
as the number of sclerotic rings within Haversian bone. 
In individuals defined as porotic, a major difference was 
seen in the endosteal portion of the cortex. This zone was gen-
erally characterized by many very large resorption holes, and the 
virtual absence of actively forming osteons. Circumferential 
lamellar bone was generally maintained, and in some cases was es-
sentially the only bone present. In these cases, the cortex was 
markedly thinned and the periosteal and endosteal surfaces re-
latively smooth, other portions of the cortex having been resorbed. 
In an attempt to quantify these differences, the number of 
forming osteons and resorption spaces were counted for a sample of 
5 normal and 5 porotic individuals. In normal specimens, formation 
exceeded resorption in all cases, while for all osteoporotic speci-
mens, resorption exceeded formation. Ratios of resorption to 
formation averaged 2:3 for normals and 5:2 for osteoporotics. 
Conclusions 
The generalized pattern of femoral growth demonstrated for 
this population approximates that of hUmans and animals undergoing 
nutritional stress. Despite continued growth in length and width, 
cortices are thin, as a result of increased endosteal resorption . 
Microscopically, individuals approaching the Nubian mean for per-
centage of cortical area show a relatively normal histological 
pattern. However, the number of sclerotic rings in remodeling 
bone and the reduced density of osteons indicate periodic distur-
bances of bone formation and mineralization. 
In osteoporotic individuals, the microscopiC picture is un-
deniably abnormal, displaying rapid resorption unaccompanied by 
adequate bone formation. Taken together, these configurations 
suggest a population undergoing periodic or chronic mild under-
nutrition, which for some individuals became severe. The increased 
incidence of osteoporosis between the ages of 2 and 6, the tradi-
tional age of weaning, further strengthens the assertion of nu-
tritional involvement. 
In outlining the previous study, I have attempted to specify 
three things which are theoretically related. First is a set of 
environmental relationships to be investigated. The second is a 
series of metabolic processes--pathways by which an environmental 
condition can influence the skeletal system. The third is the 
result of those processes, a series of observable markers in bone. 
While the theory and methodology involved is implicit in a number 
of recent skeletal studies, it has not been explicitly stated. 
An analogous model drawn from measurement theory may help to make 
. this clear. 
89 
In measurement, empirical reality is said to be transformed 
to a mathematical statement (a formula, a set of numbers) by means 
of a function (a systematically applied operation) (Suppes and 
Zinnes, 1967). In using skeletal remains for archeological re-
construction, the empirical reality can be seen as the processes 
of adjustment between human populations and their environment. 
It is at this level, from this notion of reality, that research 
questions should be formulated. The Utransform function u can then 
be seen as metabolic processes in bone which are subject to en-
vironmental influence. Markers in bone, the results of process, 
are thus the means by which we gain knowledge of the other two 
levels . 
I would like to suggest that the conscious application of 
such a model could serve to integrate skeletal studies into a 
larger bio-archeological framework. By viewing human populations 
as a source of archeological data, we may be able to explore not 
only such static questions as the nature of the environment and 
the nature of human adaptations, but also the dynamic problem of 
the success of those adaptations . 
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